Biotransformation plays an increasingly important role in the industrial production of fine chemicals due to its high product specificity and low energy requirement. One challenge in biotransformation is the toxicity of substrates and/or products to biocatalytic microorganisms and enzymes. Biofilms are known for their enhanced tolerance of hostile environments compared to planktonic free-living cells. Zymomonas mobilis was used in this study as a model organism to examine the potential of surface-associated biofilms for biotransformation of chemicals into value-added products. Z. mobilis formed a biofilm with a complex three-dimensional architecture comprised of microcolonies with an average thickness of 20 m, interspersed with water channels. Microscopic analysis and metabolic activity studies revealed that Z. mobilis biofilm cells were more tolerant to the toxic substrate benzaldehyde than planktonic cells were. When exposed to 50 mM benzaldehyde for 1 h, biofilm cells exhibited an average of 45% residual metabolic activity, while planktonic cells were completely inactivated. Three hours of exposure to 30 mM benzaldehyde resulted in sixfold-higher residual metabolic activity in biofilm cells than in planktonic cells. Cells inactivated by benzaldehyde were evenly distributed throughout the biofilm, indicating that the resistance mechanism was different from mass transfer limitation. We also found that enhanced tolerance to benzaldehyde was not due to the conversion of benzaldehyde into less toxic compounds. In the presence of glucose, Z. mobilis biofilms in continuous cultures transformed 10 mM benzaldehyde into benzyl alcohol at a steady rate of 8.11 g (g dry weight)
Microbes in nature are commonly in surface-associated, matrix-enclosed structures referred to as biofilms (7, 28) . Bacteria in biofilms can differ profoundly in terms of phenotypic characteristics (31, 33) or adaptive responses to stress (17, 38) from their planktonic counterparts, which can provide survival advantages and protection in a range of environmental conditions (16, 23) . Biofilms are also commonly found on medical implants and are responsible for many persistent infections due to their increased resistance to antimicrobial agents (13) .
While deleterious in clinical settings, biofilms are of great interest in biotechnology. For example, biofilms have been used as biocatalysts in bioremediation and wastewater treatment processes (21, 23, 27) and in fermentative vinegar (9) and ethanol (20) production from agricultural materials, as well as in biosynthesis of polymers (42) . To our knowledge, the use of biofilms for transformation of fine chemicals into value-added products has not been reported previously.
Biotransformation using viable cells capable of cofactor regeneration is an important approach to fine-chemical production (30, 34) . A common obstacle in biocatalytic fine-chemical production is the potential toxic effects of substrates and/or products on cells during the process. Several strategies, including cell immobilization, have been developed to reduce the toxicity (18, 34) . Cell immobilization allows continuous operation with a reduced substrate concentration and continuous product removal. However, forced immobilization via cell entrapment may limit mass transfer (24) , and forced immobilization via chemical bonding to a substratum surface may result in compromised cell viability (18) . Alternatively, biofilms may be regarded as a natural form of surface immobilization with additional potential for enhanced stress resistance. We hypothesize that viable cells in biofilms may be more tolerant to toxic substrates and/or products and thus act as efficient biocatalysts for fine-chemical production.
The aim of this study was to illustrate the potential for the use of biofilms in fine-chemical production. We investigated biofilm resistance and biotransformation capacity in a model system, using Zymomonas mobilis for the transformation of benzaldehyde. This system was selected based on key criteria, including (i) the ability of Z. mobilis to form biofilms (20) , (ii) the suggestion that benzaldehyde is highly toxic to cells due to interference with cell membranes and intracellular enzymes (22) , and (iii) the facts that Z. mobilis has useful catalytic activities and is of industrial interest and that its genome has been sequenced (36) . Bringer-Meyer and Sahm also reported that planktonic Z. mobilis cells, pulse fed with 10 mmol benzaldehyde per liter 10 times at 45-min intervals, transformed benzaldehyde into benzyl alcohol (37%) and R-phenylacetylcarbinol (3%) (5).
MATERIALS AND METHODS
Bacterial strain and cultivation. Z. mobilis strain ATCC 31821 was used for this study. Planktonic cultures were grown in Erlenmeyer flasks with seed medium (35 to 40% of the volume of the flask), which contained (per liter) 20 g NaCl, and up to 5.3 g benzaldehyde (50 mM) (Sigma-Aldrich). The pH was adjusted to 6.4 using 7.5 M NaOH. For biotransformation, the medium for column reactors was supplemented with (per liter) 1.06 g benzaldehyde (10 mM) and 0.976 g MES (pH 6.4).
Biofilm establishment. For microscopic analysis, biofilms were grown on glass surfaces in flow cells (channel dimensions, 1 by 4 by 40 mm) at room temperature, as previously described (26) . Glass coverslips (Marienfeld, Germany) were treated with dimethylchlorosilane to make them hydrophobic (10) because Z. mobilis exhibited greater attachment and biofilm formation on hydrophobically treated glass than on nontreated glass (data not shown). The flow cell channels were inoculated with stationary-phase seed cultures and incubated with no flow for 1 h to facilitate initial cell attachment. After this attachment period, medium flow was restored, and the flow rate was maintained at 0.15 ml min Ϫ1 . Estimated as described by Bakker et al. (2) , the Reynolds number was 0.5 (indicative of laminar flow) and the theoretical shear rate was approximately 4 s Ϫ1 . Biofilm development was visualized and photographed using a phase-contrast microscope equipped with a digital camera (Leica, Germany). Congo red (SigmaAldrich) was utilized to stain extracellular polysaccharide (EPS) as described by Allison and Sutherland (1) .
Biofilms were also cultivated in continuous packed-bed column reactors to generate biomass for metabolic activity studies. The reactors were modified cotton-stoppered glass test tubes (inside diameter, 16 mm; height, 130 mm) into which a glass inlet was inserted at the bottom and an outlet was inserted at a height which defined a packing volume of 20 ml. Acid-washed, hydrophobically treated 3-mm glass beads (Ajax, Australia) were used as the packing material, and the measured void volume was 50%, with a ratio of surface area to packing volume of 29.6 cm 2 cm Ϫ3 . Packed reactors were filled with a seed culture for a 1-h attachment period. Medium flow was restored, and the flow rate was maintained at 0.15 ml min Ϫ1 at 30°C. This corresponded to a Reynolds number of approximately 0.012 (8) , suggesting that there was laminar flow. We observed a biomass concentration gradient within the packed bed. Hence, for sampling, all of the glass beads in each biofilm reactor were harvested as a single unit.
Toxicity study. Benzaldehyde toxicity for biofilms and planktonic cultures was studied in the absence of glucose in order to prevent benzaldehyde conversion. Biofilms were grown for 3 days in flow cell chambers for microscopic analysis and in packed-bed column reactors for metabolic activity studies. Planktonic cultures were grown for 12 h (exponential phase) and 24 h (stationary phase). To study benzaldehyde toxicity for biofilms, the growth medium was carefully replaced by MES-buffered benzaldehyde saline solutions. For planktonic cultures, medium replacement was performed by centrifugation and resuspension. Controls were exposed to MES-buffered saline without benzaldehyde for the same times.
Microscopic analysis. After incubation in the presence of benzaldehyde for various times at room temperature, bacterial viability was examined qualitatively in flow cells using a fluorescent BacLight LIVE/DEAD bacterial viability staining kit (Molecular Probe Inc., Eugene, Oreg.) and confocal laser scanning microscopy (CLSM) as described by Webb et al. (40) . Planktonic cultures in benzaldehyde solutions were centrifuged, resuspended in saline (0.9% [wt/vol] NaCl), and diluted 10-fold using the viability stain solution before CLSM visualization on glass slides.
Metabolic activity studies. Benzaldehyde toxicity was assessed quantitatively by determining the residual metabolic activities of biofilms in packed-bed column reactors and of planktonic cultures in test tubes. The specific glucose consumption rate was used as an indicator of metabolic activity. This rate was defined as the number of millimoles of glucose consumed by cells equivalent to 1 mg of total protein per hour at 30°C, as calculated from the glucose consumption rate and the total protein content of the sample. After incubation with benzaldehyde at 30°C, the biofilms, as well as the planktonic cultures, were washed with 40 mM saline to remove residual benzaldehyde. To determine the glucose consumption rate, 10 ml of a glucose solution (MES buffered) was added to each reactor, and 1 ml of glucose solution was added to the saline-washed cell pellet from 1 ml of a planktonic culture. After 1 h of incubation at 30°C and clarification by centrifugation, the glucose concentrations in the solutions were analyzed using an enzymatic glucose analyzer (model 27 Stat Plus; Yellow Springs Instrument, United States). All of the glass beads from each reactor were collected in separate 50-ml test tubes, and 10 ml of saline was added to each tube. The attached biofilm biomass was measured by quantification of the total protein.
Determination of total protein and biomass. For quantification of the biofilm biomass, total protein concentrations in packed-bed biofilm reactors were determined by the Bradford method (4), using the Coomassie Plus protein assay reagent (Pierce, United States). Bovine serum albumin was used as a standard and to spike biomass samples for verification of the method. To release cell proteins, 1.2 ml of 30% (wt/vol) NaOH was added to 10 ml of saline which contained packing materials with attached biofilm. After incubation at 30°C for 30 min, test tubes containing samples were heated in boiling water for 15 min. After cooling, 0.86 ml of 32% (wt/vol) HCl was added to each tube to neutralize the pH. Samples were then centrifuged at 17,400 ϫ g for 5 min, and 0.05 ml of each supernatant was mixed with 1 ml of protein assay reagent. After 10 min the absorbance at 595 nm was determined. The total protein contents of planktonic cultures were determined by the same procedure and were approximately 43% (wt/wt) of the dry biomass (error, Ϯ3%). The dry biomass of biofilms was therefore calculated by dividing the measured protein content by 0.43.
Biotransformation of benzaldehyde. Biotransformation was carried out using 3-day-old biofilms grown in packed-bed column reactors at 30°C with a flow rate of 0.15 ml min Ϫ1 . The medium used for cultivation of the cells was switched to the biotransformation medium containing benzaldehyde without flow disruption using nonporous Teflon tubing (Alltech, Australia). The reactor effluent was collected to measure the optical density at 600 nm. After removal of cells and proteins by precipitation with 10% (wt/vol) trichloroacetic acid and centrifugation (17,400 ϫ g, 5 min) at 4°C, supernatants were analyzed for the substrate benzaldehyde and the products benzyl alcohol and R-phenylacetylcarbinol by high-performance liquid chromatography (HPLC) as previously described (32) .
RESULTS

Biofilm establishment.
As shown by phase-contrast microscopy (Fig. 1A) , Z. mobilis cells were attached to glass predominantly as single cells and small clusters 1 h after the initial attachment phase. After 1 day, attached cells had divided and formed a biofilm comprised of microcolonies. On day 2, the volume of Z. mobilis microcolonies had increased so that the biofilm became visible with the unaided eye. At a magnification of ϫ100, complex three-dimensional structured biofilms were observed, and water channels occurred throughout the biofilms. These biofilm structures were maintained for days 3 to 5. Congo red staining revealed the presence of an EPS-containing matrix surrounding cells in Z. mobilis biofilms (data not shown). Using CLSM and examining approximately 20 microcolonies, we estimated a mean thickness of 20 m for the microcolonies after 3 days of incubation (Fig. 1B) . Cells were densely packed, and formation of cell chains within microcolonies was observed. In packed-bed column reactors, quantification of total protein revealed an average of 54 g (dry weight) cm Ϫ2 on hydrophobically treated glass beads, equivalent to 32 mg per 20-ml reactor.
Effect of benzaldehyde on cell viability. To examine whether biofilm cells of Z. mobilis display increased tolerance to benzaldehyde compared to planktonic cells, 3-day-old biofilms grown in flow cells and 24-h stationary-phase planktonic cultures were subjected to treatment with benzaldehyde concentrations of 10 to 50 mM for 1 h in the absence of glucose. Live and dead cells were assessed using CLSM and the BacLight LIVE/DEAD viability stain ( Fig. 2A and B) . As shown in Fig.  2A , 24-h planktonic Z. mobilis cultures were 100% viable in the absence of benzaldehyde. However, after exposure to 50 mM benzaldehyde for 1 h, all Z. mobilis planktonic cells that were stained with the LIVE/DEAD viability dye appeared red under fluorescent light, indicating that there was a strong toxic effect. Z. mobilis biofilm viability was also reduced upon exposure to benzaldehyde. Nevertheless, many cells in the biofilm remained viable after exposure to 50 mM benzaldehyde (Fig.   1640 LI ET AL. APPL. ENVIRON. MICROBIOL. 2B). Examining the vertical (side) view of the microcolonies, we observed that red cells in the colonies were distributed throughout the microcolony. Figure 2C shows that exposure to benzaldehyde did not influence the overall biofilm morphology during the timeframe of the experiment. Effect of benzaldehyde on metabolic activity. While the results observed in flow cells were qualitative, the benzaldehyde effect on Z. mobilis biofilms was quantified in packed-bed column reactors. Figure 3A shows the residual metabolic activities of biofilms and planktonic cells following a 1-h exposure to benzaldehyde. When subjected to treatment with 30 mM benzaldehyde, Z. mobilis biofilms retained approximately 75% of their initial activity, compared to 50% observed in planktonic cultures. A two-sample t test indicated that the residual metabolic activity in biofilm cells was significantly higher than that in planktonic cells (t ϭ 5.22, df ϭ 5, P Ͻ 0.0025, as determined by a one-tailed test). After exposure to 50 mM benzaldehyde, Z. mobilis biofilms maintained an average of 45% their initial activity, while planktonic cultures were completely inactivated. A two-sample t test again indicated that there was a significant difference between the residual metabolic activities (t ϭ 5.13, df ϭ 3, P Ͻ 0.01, as determined by a one-tailed test). These results strongly suggest that the formation of a biofilm enhanced cell tolerance to benzaldehyde. HPLC data confirmed that the benzaldehyde concentrations did not change during exposure of the biofilms.
Biofilm cultures are known to contain a mixture of growing and stationary-phase cells, while the planktonic cells used in the experiment were in the stationary phase. The growth phase could have influenced the sensitivity to benzaldehyde. Therefore, three 12-h planktonic Z. mobilis cultures in the exponential growth phase were also exposed to 50 mM benzaldehyde for 1 h. The results were similar to those obtained for the 24-h stationary-phase cultures, and there was a nearly complete loss of activity.
Based on the results obtained in the benzaldehyde concentration study, a concentration of 30 mM was selected to examine the effect of the length of benzaldehyde exposure on the inactivation of Z. mobilis biofilms and planktonic cultures. Figure 3B shows that biofilms were able to maintain 65% of their initial activity after 3 h of incubation with benzaldehyde. In contrast, the metabolic activity of planktonic cultures decreased to 70% of the initial activity in as little as 15 min, and no more than 10% of the initial activity was left at the end of the 3-h incubation period. Hence, exposure to 30 mM benzaldehyde for 3 h resulted in sixfold-higher residual metabolic activity in biofilm cells than in planktonic cells. Figure 4 shows the biotransformation profile of 3-day-old Z. mobilis biofilms in the presence of glucosesupplemented medium and 10 mM benzaldehyde over a 45-h period. After 6 h, at a dilution rate of 0.9 h Ϫ1 , Z. mobilis biofilms produced benzyl alcohol at an average concentration of 9 mM, which corresponded to a theoretical molar yield of 90% and volumetric productivity of 10 mM h Ϫ1 or 25.9 g liter Ϫ1 day Ϫ1 . With 32 mg (dry weight) per 10 ml of void volume, the specific productivity was 8.11 g (g biomass)
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Ϫ1
day Ϫ1 . The average concentration of benzaldehyde in the effluent was 1 mM. The concentrations of R-phenylacetylcarbinol were less than 0.2 mM, and other aromatic products were not detected. While the effluent optical density remained constant (approximately 0.2) during the 72 h prior to benzaldehyde addition, the optical density of the effluent decreased as much as 75% during the biotransformation. Microscopic examination confirmed that the decrease in optical density was related to the decrease in Z. mobilis cell concentration in the effluent. In contrast, the biofilm protein mass (measured at the start and at the end of the biotransformation), as well as the benzyl alcohol productivity, remained constant.
DISCUSSION
Over the past decade, microbial biofilms have attracted much attention from biotechnologists, who have demonstrated that biofilms can be used in bioremediation, wastewater treatment, fermentation, and biosynthesis (9, 20, 21, 23, 27, 42) . In addition, the current study highlights the potential application of biofilms in the biotransformation of fine chemicals into value-added products. Formation of biofilms enhanced the tolerance of Z. mobilis cells to benzaldehyde compared to that of planktonic cells. Moreover, biotransformation using biofilms resulted in steady productivity during continuous operation, supporting the hypothesis that biofilms may act as efficient biocatalysts for fine-chemical production.
We also describe the biofilm development and morphology of Z. mobilis, an industrially relevant ethanologenic bacterium. Previously, Kundura and Pometto demonstrated that Z. mobilis biofilms could be used in ethanol fermentation (20) . These authors reported increased ethanol productivity in continuous Z. mobilis biofilm reactors compared to the productivity of planktonic controls. However, neither the specific productivity nor the formation and morphology of the Z. mobilis biofilms were characterized. In the current study, we found that Z. mobilis cells were capable of forming a biofilm comprised of microcolonies embedded in EPS and interspersed with open water channels (Fig. 1) . This architecture resembles the structures of many well-studied microbial biofilms (11, 39) . From the strain of Z. mobilis used in the current study, Barrow and coworkers isolated an EPS and suggested a role for it in cell aggregation (3). This EPS may be involved in establishing and maintaining the complex three-dimensional structure of Z. mobilis biofilms reported in this paper.
By using microscopic analysis and metabolic activity studies, Z. mobilis biofilms were shown to be more tolerant of not only higher benzaldehyde concentrations but also prolonged benzaldehyde exposure than their planktonic counterparts ( Fig. 2  and 3 ). The mechanisms underlying the enhanced benzaldehyde resistance in Z. mobilis biofilms are not fully understood yet. One possibility is that a benzaldehyde concentration gradient is formed within the three-dimensional structure of a biofilm, which might dilute the lethal concentration to a sublethal level in a deeper layer of the biofilm. However, viability staining and CLSM revealed that dead cells were located throughout the benzaldehyde-treated biofilms (Fig. 2B) . Therefore, the resistance was probably not due to limited benzaldehyde penetration of biofilms. In a previous study, Campanac et al. suggested that the toxic aromatic compound benzalkonium chloride was able to penetrate biofilms of Staphylococcus aureus; nevertheless, the cells in the biofilms were more resistant than planktonic cells (6) . Furthermore, the resistance of biofilms in the present study was not due to conversion of benzaldehyde into less toxic products since HPLC data confirmed that the benzaldehyde concentrations remained constant during the resistance study. It is well known that cells in different growth phases can have different sensitivities to toxins. Studies have suggested that biofilms predominately consist of stationary-phase cells (17) , although rapidly dividing cells are also present (41) . Our results show that exponential-and stationary-phase planktonic cells of Z. mobilis were equally susceptible to benzaldehyde, indicating that benzaldehyde resistance was not growth rate dependent for planktonic cells. In general, increased resistance in biofilms may be a result of altered gene expression which leads to physiological and/or structural changes during biofilm formation (17, 31, 33, 38) . It is possible that the benzaldehyde resistance of Z. mobilis biofilms is conferred by, for example, benzaldehyde excretion or altered membrane composition to counteract any benzaldehyde effect on membrane fluidity. To identify the protective mechanisms, a detailed molecular comparison of biofilms and planktonic cells is necessary. Continuous biotransformation of 10 mM benzaldehyde by Z. mobilis biofilms resulted in values for the benzyl alcohol molar yield, productivity, and specific productivity that were more than twofold higher than the previously reported values (37% molar yield, 4.9 mM h Ϫ1 , and 3.41 g [g dry weight] Ϫ1 day Ϫ1 , assuming a cell water content of 85%) for a fed-batch biotransformation by planktonic Z. mobilis (5) . The specific productivity observed in the current biofilm study (8.11 g [g dry weight]
Ϫ1 day Ϫ1 ) is in the range of values reported previously for various whole-cell processes with planktonic cultures, as shown in Table 1 . Our data suggested that the biotransformation was catalyzed predominately in attached biofilms rather than in planktonic cells, as indicated by the 75% reduction in the effluent optical density during biotransformation, while the productivity and biofilm protein mass were unchanged (Fig. 4) . Luke and Burton (23) showed in a phenol bioremediation study that a fungal biofilm maintained its catalytic capacity in a membrane reactor without inactivation for a period that was at least eight times longer than the period observed for free biomass in batch cultures. This enhancement was attributed to a continuing nutrient supply and biomass sustenance in the continuous system.
The use of biofilms in biocatalytic fine-chemical production may have many advantages, including self-immobilization of the biocatalysts, increased resistance to toxic substrates and/or products, and potential long-term stability for continuous operation. Hence, surface-associated biofilms may function as "factories" for continuous fine-chemical production. Several issues will play a role in the success of "biofilm factories," including the selection of suitable biofilm-forming biocatalysts, minimization of biofilm detachment, and reactor design and scale-up for optimal mass transfer and productivity. Indeed, many reported fine-chemical biotransformation processes use suspension cultures of microbes which can form biofilms, in -FIG. 3 . Quantitative analysis of benzaldehyde toxicity. Residual metabolic activity was measured by the specific glucose consumption rates of 3-day-old Z. mobilis biofilms and 24-h planktonic cultures after 1 h of exposure to different benzaldehyde concentrations (A) and after exposure to 30 mM benzaldehyde for up to 3 h at 30°C (B). Samples exposed to benzaldehyde for less than 3 h were preincubated in MESbuffered saline before benzaldehyde exposure to provide a total incubation time of 3 h. One hundred percent residual activity corresponded to the specific glucose consumption rate of control cultures exposed to MES-buffered saline without benzaldehyde, which was on average 30 mmol glucose mg total protein Ϫ1 h Ϫ1 . The error bars indicate the sample standard deviations of results from independent cultures (n Ն 4 for panel A and n Ն 2 for panel B).
FIG. 4.
Continuous biotransformation determined by using 3-dayold Z. mobilis biofilms in the presence of 10 mM benzaldehyde and 5 g liter Ϫ1 glucose (27.8 mM) with a constant flow rate of 0.15 ml min Ϫ1 at 30°C. Benzaldehyde was added at time zero. The error bars indicate the sample standard deviations of results from independent reactors (n ϭ 3). OD 600, optical density at 600 nm. cluding Escherichia coli and Pseudomonas species (14, 19, 29, 35, 37) . Full-scale biofilm reactors have already been used in bioremediation and wastewater treatment, including various reactors for optimal gas-liquid contact (25, 27) . Furthermore, the present results did not reveal any mass transfer limitation since the specific glucose consumption rates for Z. mobilis biofilms were not lower than those for planktonic cells. Loss of biofilms during biotransformation was not an issue as the biofilm biomass remained constant over the 45-h biotransformation period.
In conclusion, we suggest that biofilm formation offers increased substrate tolerance and could allow continuous operation for the biotransformation of fine chemicals. Previous studies along with the present work show that there is good potential for future applications of "biofilm factories" in biocatalytic fine-chemical production processes.
